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Introduction {#sec005}
============

Bipolar disorder (BD) is a severe mood disorder characterized by alternating manic and depressed periods that could be punctuated by inter-critic intervals, without extreme mood symptoms, namely, the euthymic periods. Residual symptoms of euthymic states are especially characterized by enhanced emotional reactivity \[[@pone.0134961.ref001], [@pone.0134961.ref002]\] and executive functions deficits \[[@pone.0134961.ref003], [@pone.0134961.ref004]\] that would reflect trait abnormalities of the illness. Indeed, numerous neuropsychological studies highlighted persistent impairments in emotional and cognitive processes in euthymic BP but the cerebral correlates and the mechanisms of these impairments are still unclear \[[@pone.0134961.ref005], [@pone.0134961.ref006]\].

In the past decades, functional magnetic resonance imaging (fMRI) studies that have sought to identify brain abnormalities in BP pointed out impairment of frontal and limbic regions during both emotional and cognitive tasks \[[@pone.0134961.ref007]--[@pone.0134961.ref009]\], and suggest emotional regulation and homeostasis disturbances \[[@pone.0134961.ref005], [@pone.0134961.ref006], [@pone.0134961.ref010]\]. Phillips et al.'s model of automatic and voluntary emotional regulation \[[@pone.0134961.ref010]\], highlighted abnormalities within the ventral system in BP, specifically the left ventromedial prefrontal cortex (VMPFC), which may be responsible for automatic emotion dysregulation in BP. To investigate emotional regulation sub-processes, different cognitive paradigms have been proposed. Among them, emotional Stroop tasks were used to examine neural systems implicated in the automatic attentional control of emotion. In the traditional emotional Stroop task participants are required to identify the color of written words (or the number of stimuli in the counting Stroop version) that could be either neutral or emotionally salient. Thus, the traditional emotional Stroop assesses the ability of emotional information to implicitly divert the attention from the main task, not the interference *per se*. In healthy subjects (HS), that task has been associated, inter alia, with activation of left rostral anterior cingulate cortex (ACC) \[[@pone.0134961.ref011]\], while the counting Stroop version recruited a larger network including rostral ACC, as well as, dorsolateral (DLPFC), dorsomedial (DMPFC) and orbitofrontal (OFC) prefrontal cortices \[[@pone.0134961.ref012]\]. Compared to HS, euthymic BP showed decreased VMPFC activity during emotional Stroop tasks \[[@pone.0134961.ref013], [@pone.0134961.ref014]\].

A modified emotional Stroop paradigm allowing the direct assessment of the emotional conflict processing, similarly to the original color-word Stroop task \[[@pone.0134961.ref015]\], was recently developed and known as 'word-face emotional Stroop' \[[@pone.0134961.ref016]\]. This task consists of identifying the emotional expression of fearful and joyful faces while ignoring the emotional word, which can be either congruent or incongruent with the facial expression (i.e., "Fear" or "Happy"). Using this task, we previously showed decreased activity of the ventrolateral prefrontal cortex (VLPFC) in euthymic BP in comparison to HS \[[@pone.0134961.ref017]\]. By using a similar task, another recent study also revealed decreased lateral prefrontal activity while processing emotional conflict in hypomanic, depressive and euthymic BP. \[[@pone.0134961.ref018]\] In addition, the later study, showed that in response to incongruent trials and unlike the HS, euthymic BP exhibited *deactivation* of several areas belonging to the default mode network (DMN) including the rostral ACC during euthymiathe hippocampus during depression and posterior cingulate cortex (PCC) during hypomania, which was attributed to exaggerated disengagement of internal thoughts and memories.

Otherwise, it has been suggested that the sequence of congruent and incongruent trials should also be considered during Stroop tasks. Indeed, it was demonstrated that the processing of incongruent trials is faster when preceded by incongruent trials but slower if preceded by congruent trials \[[@pone.0134961.ref019], [@pone.0134961.ref020]\]. Consequently, the conflict generated in response to incongruent trial might activate a proactive cognitive control mechanism \[[@pone.0134961.ref021]\], which facilitates the resolution of the conflict in the next incongruent trial \[[@pone.0134961.ref022]\]. Then, incongruent stimuli could further be subdivided into two types, high conflict resolution trials (i.e., incongruent stimuli preceded by incongruent stimuli---HR), and low conflict resolution trials (i.e., incongruent stimuli preceded by congruent stimuli---LR). The distinction between these two types of trials allows to assess separately the *conflict monitoring* (or generation), which may lead to increased cerebral activation in response to LR in comparison to HR trials from the *resolution* of the conflict reflected by the increased activation for HR in comparison to LR trials \[[@pone.0134961.ref022]\]. In HS, Etkin et al. \[[@pone.0134961.ref016]\] revealed greater for HS involvement of the amygdala, the DLPFC and DMPFC during emotional conflict monitoring, while conflict resolution was rather associated with activation of the rostral ACC. In addition, the authors showed that activation of the rostral ACC was predicted by prefrontal activation during monitoring and was accompanied by simultaneously decreased activity of the amygdala. This suggests that emotional conflict is resolved by a top-down cognitive control exerted by prefrontal areas on the amygdala.

In the current study, we aimed at investigating automatic emotion regulation processing in euthymic BP by using an emotional Stroop paradigm conceived to distinguish the monitoring from the resolution of emotional conflict. We assume that disturbances of emotion regulation processing reported previously in BD could result from a lack of prefrontal-cognitive top-down control on limbic-emotional areas. We hypothesized that compared to HS, euthymic BP would show (a) decreased activation of the lateral prefrontal cortex during the monitoring of the emotional conflict and (b) decreased activation of the rostral ACC and increased activation of the amygdala during the resolution of the emotional conflict. Based on previous results \[[@pone.0134961.ref018], [@pone.0134961.ref023]\] we also expect revealing (c) abnormal activity and connectivity between prefrontal and limbic regions as well as with those who belong to the DMN.

Materials and Methods {#sec006}
=====================

Participants {#sec007}
------------

Fourteen euthymic BP (mean of age ± SD: 44.1 ± 9.6 years, 8 females) and 13 HS matched on age and gender (mean of age 44.1 ± 10.8 years, 9 females) were included in the study. All participants were right-handed and had equivalent education level. Mood symptoms in BP were evaluated with the Montgomery and Asberg Depression Rating Scale (MADRS) \[[@pone.0134961.ref024], [@pone.0134961.ref025]\] and Young Mania Rating Scale (YMRS) \[[@pone.0134961.ref026], [@pone.0134961.ref027]\]. Patients were included in the study if they reported having been euthymic for at least one month prior to scanning and if they had an MADRS's score \< 15 and an YMRS's score \< 7 ([Table 1](#pone.0134961.t001){ref-type="table"}). All patients were diagnosed for bipolar disorder (BD) by an experienced psychiatrist according to DSM IV criteria for BD and confirmed by using the French version of the Structured Clinical Interview (SCID) for DSM IV \[[@pone.0134961.ref028]\]. Five BD patients were diagnosed with type I BD, six with type II and two with "not otherwise specified" BD type. The mean age of illness onset was 28.0 ± 9.0 years and the mean duration of the illness was 16.1 ± 11.1 years. Two patients were medication-free and the others received different combinations of drugs including lithium (64%), anticonvulsants (43%), antidepressants (21%) and atypical antipsychotic agents (7%).

10.1371/journal.pone.0134961.t001

###### Demographic and clinical information for healthy subjects and euthymic bipolar patients.

![](pone.0134961.t001){#pone.0134961.t001g}

                                                          BP      HS              
  ------------------------------------------------------- ------- ------- ------- -------
  Age (years)                                             44.07   9.63    44.08   10.85
  Gender (% female)                                       64%     \-      69%     \-
  Age of illness onset (years)                            27.96   8.96    \-      \-
  Duration of the illness (years)                         16.08   11.10   \-      \-
  Montgomery and Asberg Depression Rating Scale (MADRS)   7.61    5.01    \-      \-
  Young Mania Rating Scale (YMRS)                         2.92    3.17    \-      \-
  Past depressive episodes                                4.00    3.55    \-      \-
  Past hypomanic episodes                                 4.00    3.21    \-      \-
  Past manic episodes                                     1.75    1.49    \-      \-
  Positive history of psychotic symptoms                  46%     \-      \-      \-

BP: Bipolar patients; HS: Healthy subjects

For all participants as exclusion criteria we considered: history of alcohol or drug abuse; current or past neurological and/or medical diseases affecting cognition; history of head trauma with loss of consciousness; metal implants. Additionally, we excluded (a) for EBP, any current other Axis I psychiatric disorder and sismotherapy during the precedent year; (b) for HS, past or present psychiatric disorder and family history of psychiatric disorders, as well as any medical treatment affecting cerebral activity. HS were selected and included in the study after interview with a psychiatrist (PI), and according to the SCID. Participants received complete description of the study and they all provided written informed consents.

Ethic statement {#sec008}
---------------

The study was approved by the Grenoble Hospital Ethic Committee (n° AU 898/2011) and is registered on ([NCT01821469](https://clinicaltrials.gov/NCT01821469)). Participants received complete description of the study and they all provided written informed consents. All participants were in capacity to give written consent before the beginning of the experiment (as determinate by the PI).

Stimuli and Task {#sec009}
----------------

We used a modified version of the word-face emotional Stroop task developed by Etkin et al. \[[@pone.0134961.ref016]\]. In the original version, Etkin et al. \[[@pone.0134961.ref016]\] used emotional facial stimuli from the "pictures of facial affect" database \[[@pone.0134961.ref029]\]. Our stimuli were different from those used by Etkin et al. as they were extracted from a more recent database, the "Montreal set of facial display of emotion" (MSFDE) \[[@pone.0134961.ref030]\]. In order to build the set of stimuli, twenty-five grayscale faces with different identities, expressing happy or fear emotions, were selected. It comprised 12 male and 13 female faces, with African, Asian, Caucasian or Hispanic ethnicity. The French words "*joie*" (happy) or "*peur*" (fear) written in capital letters and in red color were superimposed on the faces to create congruent and incongruent stimuli. Similarly to Etkin et al. \[[@pone.0134961.ref016]\], we also manipulated the order of the stimuli to create high conflict resolution (HR) and low conflict resolution (LR) trials ([Fig 1](#pone.0134961.g001){ref-type="fig"}). According to congruency "current vs. previous trial" we obtained four types of experimental conditions: current incongruent---previous congruent (i.e., LR); current incongruent---previous incongruent (i.e., HR); current congruent---previous congruent (no conflict 1 --NC1); current congruent---previous incongruent (no conflict 2 --NC2). Twenty-five different stimuli per condition were presented (i.e., 100 stimuli for the whole experiment). Features such as identity, gender and origin of the presented faces were randomized within conditions.

![Example of two successive trials presented in word-face emotional Stroop.\
Stimuli were either congruent or incongruent according to the valence of facial expression (i.e., joyful or fearful) and the valence of the word written across them (i.e., *joie*: happy or *peur*: fear). High conflict resolution trials consisted of incongruent stimuli preceded by incongruent stimuli; Low conflict resolution trials consisted of incongruent stimuli preceded by congruent stimuli; No conflict trials consisted of congruent stimuli preceded by either congruent (NC1) or by incongruent stimuli (NC2) (not shown in the figure). Pictures were extracted from the "Montreal Set of Facial Display of Emotion" (MSFDE) database \[[@pone.0134961.ref030]\].](pone.0134961.g001){#pone.0134961.g001}

To perform the task, participants were instructed to identify as accurately and rapidly as possible the emotional expression of faces while ignoring the associated word. They gave responses by pressing a response key with two buttons with their dominant hand, corresponding to the two possibilities (happy and fear). For each stimuli and each participant, the accuracy (% correct responses) and the response time (ms) were recorded throughout the duration of stimulus presentation and inter-stimulus interval (for 2500 ms duration). Before fMRI acquisition, participants were trained to perform the task with different stimuli that those used during the experiment.

A pseudo-randomized event-related fMRI paradigm was optimized \[[@pone.0134961.ref031]\] for 100 events and 45 additional null-events. The null-events were added in order to provide appropriate baseline measure \[[@pone.0134961.ref031]\] and corresponded to a black fixation cross displayed in the center of the grey screen. All conditions were evaluated during one functional run in an fMRI session. The duration of each trial was 3000 ms (1000 ms stimulus presentation and 2000 ms additional fixation cross). The presentation order of stimuli was counterbalanced across participants, according to three possibilities provided by the optimization. The total duration of the run was 7min 25s.

MRI acquisition {#sec010}
---------------

MR images were acquired with a whole-body 3T MR scanner (Achieva 3.0 TX Philips, Grenoble MRI facility IRMaGE). Functional images were acquired with the manufacturer-provided gradient-echo/T2\* weighted EPI sequence. Thirty-seven adjacent axial slices parallel to the bi-commissural plane were acquired in interleaved mode. Slice thickness was 3.75 mm. During the functional run, the cerebral volume was measured 174 times. The in-plane voxel size was 3 x 3 mm (216 × 216 mm field of view acquired with 72 × 72 pixels data matrix; reconstructed with to zero filing to 128 × 128 pixels). The main sequence parameters were TR = 2.5s, TE = 30ms and flip angle = 77°. Finally, a T1-weighted high-resolution three-dimensional anatomical volume was acquired by using a turbo field echo (TFE) sequence (field of view = 224 × 256 × 176 mm; resolution: 0.8 × 0.8 × 0.8 mm; acquisition matrix: 280 × 320 × 220 pixels).

Data analyses {#sec011}
-------------

### Behavioral data analysis {#sec012}

Two separate analyses of variance (ANOVA) were performed, one on accuracy (% correct responses---CR) and another one on the mean response time (RT) for correct responses. The two ANOVAs included the following factors: Condition (NC1, NC2, LR, HR) as a within-subject factor, and Group (BP, HS) as a between-subject factor. Behavioral results are reported at *P* \< 0.05 threshold.

### fMRI data analysis. Preprocessing {#sec013}

fMRI analyses were performed by using the SPM8 software package (Welcome Department of Imaging Neuroscience, Institute of Neurology, London, UK), running on Matlab 7.9 (R2009b) (Mathworks, Natick, MA, USA). Brain regions involved in different contrasts were labeled by means of macroscopic parcellation of the MNI single subject reference brain \[[@pone.0134961.ref032]\]. Functional images were first time-corrected (slice timing), and realigned using rigid body transformations. The T1-weighted anatomical volume was coregistered to mean image created by the realignment procedure and was normalized to the MNI space using a tri-linear interpolation. The anatomical normalization parameters were then used for the normalization of functional volumes. Finally, all functional images were smoothed using 8-mm full-Width at half maximum Gaussian.

### First-level analysis {#sec014}

For each participant, experimental conditions (LR, HR, NC1, NC2) were modeled using the General Linear Model (GLM) \[[@pone.0134961.ref033]\]. The six realignment parameters were also included as covariate of no interest. The blood-oxygen-level dependence response for each event was modeled using a canonical form of the hemodynamic response function (HRF). Before estimation, a high-pass filtering with a cutoff period of 128s was applied. The first level analysis (individual level) consisted of two contrast effects: (1) the conflict *Monitoring* contrast \[LR \> HR\], to identify cerebral regions involved in the monitoring/generation of the emotional conflict; (2) the conflict *Resolution* contrast \[HR \> LR\], to identify cerebral regions involved in the resolution of the emotional conflict.

### Second-level analysis {#sec015}

At the second level, random-effect between-group analyses were conducted using two-sample *t*-tests \[[@pone.0134961.ref034]\]. Euthymic BP and HS cerebral activity was compared according to the two main contrasts defined at individual level (i.e., conflict *Monitoring* and *Resolution*). The resulting activation maps were thresholded at *P* \< 0.001 (uncorrected) with a minimum cluster size of 10 voxels. Given our *a priori* hypothesis that particular regions would be affected in BP, the groups were also compared using small volume correction (SVC) to the GLM targeting fronto-limbic regions as mentioned in the introduction section. To define these regions, the AAL atlas \[[@pone.0134961.ref032]\] in the WFU PickAtlas toolbox \[[@pone.0134961.ref035]\] was used. A family-wise error (FWE) correction threshold of p \< 0.05 within the SVC was used to determinate significant results from these tests.

### Region of interest analysis {#sec016}

Because we had an *a priori* hypothesis for the involvement of the amygdala in this task and in the physiopathology of BD, we additionally conducted a region of interest (ROI) analysis to examine the amygdala activity during the task. Left and right amygdala from the AAL atlas were defined through the WFU pickatlas toolbox. For each ROI and each participant, the percent of MR signal change was extracted and the values were included into an analysis of variance (ANOVA) with LR vs. HR trials as within-subject factor and HS vs. EBP as between-subject factor. This analysis allowed assessing differences in amygdala reactivity between groups and according to its possible role in monitoring and resolution of the emotional conflict.

### Psychophysiological interaction analysis {#sec017}

To assess functional connectivity, we performed a psychophysiological interaction (PPI) analysis. The PPI approach addresses the question of how connectivity with a seed region is modulated by a psychological factor (such as task) \[[@pone.0134961.ref036]\]. Based on the peak voxels taken from the *Monitoring* contrast in between-group analysis, the most appropriate seed region for the emotional conflict processing appeared to be the right middle frontal cortex (DLPFC; MNI coordinates: \[[@pone.0134961.ref054] [@pone.0134961.ref023] [@pone.0134961.ref033]\], with a 10 mm radius sphere). We used the standard procedure in SPM8: (1) the physiological activity of the seed region was computed as time series of all voxels within the sphere, with the first principal component adjusted for effects of interest (i.e., despiked and denoised); (2) the psychological regressor representing task condition (i.e., LR, HR) was used to determine the condition-specific change in functional connectivity; (3) the PPI variable (i.e., the interaction term) was formed by deconvolving the BOLD signal in order to provide the proper derivation of the interaction term (at neuronal level) \[[@pone.0134961.ref037]\].

A second GLM analysis that includes the interaction term, the signal extracted from the seed and the experimental factor, was performed. The *t* contrast of \[1 0 0\] produced statistical image revealing voxels having a significant positive connectivity with the DLPFC during the monitoring of the emotional conflict, whereas the *t* contrast \[−1 0 0\] revealed regions with negative functional connectivity with the DLPFC during the monitoring. At the second level, the PPI contrast images were entered into one-sample and two-sample *t*-test analyses to evaluate within-group and between-group random effect respectively. The connectivity maps were thresholded at *P* \< 0.005 (uncorrected) with a minimum cluster size of 10 voxels. Multiple comparisons were also corrected using SVC to the GLM targeting fronto-limbic regions as mentioned previously.

Results {#sec018}
=======

Behavioral results {#sec019}
------------------

All conditions combined, BP patients were marginally slower \[*F*(1, 25) = 3.93; *η* ~*p*~ ^*2*^ = 0.14; *P* = 0.06\] but in terms of %CR they were comparable to HS \[*F*(1, 25) = 0.39; *Η* ~*p*~ ^*2*^ = 0.01; *P* = 0.09\]. ANOVAs revealed a significant main effect of emotional conflict conditions in BP and HS for both RT \[*F*(3, 75) = 23.73; *Η* ~*p*~ ^*2*^ = 0.49; *P* \< 0.001\] and %CR \[*F*(3, 75) = 9.09; *Η* ~*p*~ ^*2*^ = 0.27; *P* \< 0.001\]. Planned comparisons confirmed a strong interference effect (incongruent vs. congruent) on both RT \[*F*(1, 25) = 39.26; *P* \< 0.001\] and %CR \[*F*(1, 25) = 14.65; *P* \< 0.001\]. Furthermore, the RT was lower for LR than for HR trials \[*F*(1, 25) = 6.84; *P* = 0.01\], highlighting the dissociation between monitoring and resolution processes at behavioral level ([Fig 2A](#pone.0134961.g002){ref-type="fig"}). A significant Group by Condition interaction was also observed on RT \[*F*(3, 75) = 3.87; *Η* ~*p*~ ^*2*^ = 0.13; *P* = 0.01\]. Planned comparisons showed that BP were significantly slower than HS for processing incongruent stimuli \[*F*(1, 25) = 6.42; *P* = 0.02\] ([Fig 2B](#pone.0134961.g002){ref-type="fig"}). However, there was no significant difference between BP and HS according to the amount of the conflict, i.e., LR vs HR trials \[*F*(1, 25) = 1.61; *P* = 0.22\]. Descriptive statistics are summarized in [Table 2](#pone.0134961.t002){ref-type="table"}.

![Behavioral performances during word-face emotional Stroop.\
Panel A: Illustration of behavioral dissociation between conflict monitoring and conflict resolution. The graph shows the mean response time ± SE according to the congruency of the current trial and the congruency of the previous trial. Panel B: Illustration of the increase emotional interference in euthymic bipolar patients. The graph shows the mean response time ± SE according to the group and the congruency of the current trial. \**p*\<0.05. *Abbreviations*: LR: Low conflict resolution; HR: High conflict resolution; NC: No conflict.](pone.0134961.g002){#pone.0134961.g002}

10.1371/journal.pone.0134961.t002

###### Behavioral performances for word-face emotional Stroop measured during fMRI.

![](pone.0134961.t002){#pone.0134961.t002g}

                            LR                HR                NC 1              NC 2
  ------------------------- ----------------- ----------------- ----------------- -----------------
  **Response Time (ms)**                                                          
  HS                        818.69 (238.07)   758.75 (207.83)   716.46 (170.52)   742.37 (170.28)
  BP                        973.89 (182.83)   953.09 (210.60)   805.60 (120.49)   841.62 (158.00)
  **% Correct Responses**                                                         
  HS                        94.77 (5.26)      93.85 (7.59)      99.36 (1.56)      98.77 (1.92)
  BP                        93.43 (6.39)      94.57 (6.39)      97.02 (3.81)      98.57 (2.53)

*Note*: Data are reported as Mean (SD). BP: Bipolar patients; HS: Healthy subjects; LR: Low conflict resolution; HR: High conflict resolution; NC1: No conflict 1; NC2: No conflict 2.

fMRI results {#sec020}
------------

### Within-group analysis at whole-brain level {#sec021}

In HS the conflict *Monitoring* contrast (LR \> HR) induced activation within the superior frontal, insula, bilateral middle temporal, right inferior temporal, left supramarginal and left middle occipital gyri ([Fig 3A](#pone.0134961.g003){ref-type="fig"}, [Table 3](#pone.0134961.t003){ref-type="table"}). In BP, the same contrast elicited brain activation within the bilateral dorsal thalamus only ([Fig 3B](#pone.0134961.g003){ref-type="fig"}, [Table 3](#pone.0134961.t003){ref-type="table"}). The opposite contrast (i.e., conflict *Resolution* contrast: HR \> LR) did not reveal suprathreshold voxels, neither for HS nor for BP.

![Results of the within-group analyses at whole-brain level during conflict monitoring in (A) healthy subjects and (B) euthymic bipolar patients.\
Identified regions are projected onto 2D anatomical slices in axial, coronal and sagittal orientations (*p* \< 0.001 uncorrected at whole brain level, *p* ~FWE~ \< 0.05 after small volume correction).](pone.0134961.g003){#pone.0134961.g003}

10.1371/journal.pone.0134961.t003

###### Activation peaks during the emotional conflict monitoring, as revealed by within and between-group analyses.

![](pone.0134961.t003){#pone.0134961.t003g}

  Lobe                                                   Region                                                                    aal-label   H   x     y     z    t      k
  ------------------------------------------------------ ------------------------------------------------------------------------- ----------- --- ----- ----- ---- ------ -----
  **Healthy subjects: Monitoring (LR \> HR)**                                                                                                                              
  Central                                                Precentral gyrus                                                          PRE         L   -21   25    70   6.39   10
  Frontal                                                Superior frontal gyrus[\*](#t003fn001){ref-type="table-fn"}               F1          L   -15   29    55   5.16   10
  Insular                                                Insula[\*](#t003fn001){ref-type="table-fn"}                               IN          R   36    8     -5   3.30   15
  Temporal                                               Middle temporal gyrus                                                     T2          R   54    -19   -5   5.57   18
                                                         Middle temporal gyrus                                                     T2          L   -63   -22   -1   5.00   10
                                                         Inferior temporal gyrus                                                   T3          R   51    -67   -9   5.12   13
  Parietal                                               Inferior parietal/Supramarginal                                           P2          L   -45   -34   40   6.85   125
  Occipital                                              Middle occipital gyrus                                                    O2          L   -36   -70   10   5.56   21
  **Bipolar patients: Monitoring (LR \> HR)**                                                                                                                              
  Sub cortical grey nuclei                               Thalamus                                                                  THA         R   15    -25   14   4.78   12
                                                         Thalamus                                                                  THA         L   -9    -22   14   3.95   24
  **Healthy subjects \> Bipolar Patients: Monitoring**                                                                                                                     
  Frontal                                                Middle frontal gyrus, dorsolateral[\*](#t003fn001){ref-type="table-fn"}   F2          R   54    23    33   3.99   10
                                                         Superior frontal gyrus[\*](#t003fn001){ref-type="table-fn"}               F1          R   6     65    33   5.06   22
  Temporal                                               Middle temporal gyrus                                                     T2          L   -63   -16   -5   4.33   24
  Parietal                                               Inferior parietal/Supramarginal                                           P2          L   -57   -37   36   4.31   11

\**P* ~FWE~ \< 0.05 after small volume correction

LR: Low conflict resolution; HR: High conflict resolution; H: Hemisphere; R: Right; L: Left; k: number of voxels/cluster.

Between-group analysis at whole-brain level {#sec022}
-------------------------------------------

The conflict *Monitoring* contrast revealed stronger activation in HS in comparison to BP in frontal regions including the right middle (dorsolateral part) and superior frontal gyri, as well as in the left middle temporal and left supramarginal gyri ([Fig 4A](#pone.0134961.g004){ref-type="fig"}, [Table 3](#pone.0134961.t003){ref-type="table"}). No regions were significantly more activated in BP compared to HS. The conflict *Resolution* contrast did not reveal significant differences between groups.

![Results provided by between-group analyses.\
Panel A: Whole-brain comparison in HS vs BP during conflict monitoring (LR \> HR) (*p* \< 0.001 uncorrected at whole brain level, *p* ~FWE~ \< 0.05 after small volume correction). Identified regions are projected onto 2D anatomical slices in axial, coronal and sagittal orientations. Panel B: Region of interest analysis focused on bilateral amygdala. The graph shows the mean %MR signal intensity variations ± SE according to the group and the amount of the conflict (LR vs HR). \**p*\<0.05. *Abbreviations*: BP: Bipolar patients; HS: Healthy subjects; LR: Low conflict resolution; HR: High conflict resolution.](pone.0134961.g004){#pone.0134961.g004}

Region of interest analysis: Amygdala {#sec023}
-------------------------------------

ROI analysis showed increased activity of bilateral amygdala during the monitoring of emotional conflict. A main effect of *Condition* reflecting higher activity for LR compared to HR trials was observed for both right \[*F*(1, 25) = 12.22; *Η* ~*p*~ ^*2*^ = 0.33; *P* = 0.002\] and left amygdala \[*F*(1, 25) = 7.19; *Η* ~*p*~ ^*2*^ = 0.22; *P* = 0.01\]. There was no main Group effect neither for the right \[*F*(1, 25) = 0.003; *Η* ~*p*~ ^*2*^ = 0.0001; *P* = 0.95\] nor for the left \[*F*(1, 25) = 0.11; *Η* ~*p*~ ^*2*^ = 0.004; *P* = 0.74\] amygdala. The interaction Group-by-Condition was not significant (right amygdala: \[*F*(1, 25) = 1.46; *Η* ~*p*~ ^*2*^ = 0.05; *P* = 0.24\]; left amygdala: \[*F*(1, 25) = 0.77; *Η* ~*p*~ ^*2*^ = 0.03; *P* = 0.39\]). However, as we had specific hypotheses, the monitoring effect on each group was tested. Planned comparison revealed that the activation of bilateral amygdala was significantly higher for LR than for HR trials (i.e., increased during conflict monitoring and decreased during conflict resolution) in HS (right amygdala: \[*F*(1, 25) = 10.68; *P* = 0.003\]; left amygdala: \[*F*(1, 25) = 18.92; *P* = 0.02\]), but the difference was not significant in BP (right amygdala: \[*F*(1, 25) = 2.71; *P* = 0.11\]; left amygdala: \[*F*(1, 25) = 1.69; *P* = 0.21\]) ([Fig 4B](#pone.0134961.g004){ref-type="fig"}).

PPI results {#sec024}
-----------

### Within-group functional connectivity analysis {#sec025}

As the conflict *Resolution* contrast did not elicited significant results, the PPI analyses were only conducted on the conflict *Monitoring* contrast. Within-group analysis for HS revealed significant negative connectivity between the right DLPFC and bilateral superior and middle frontal gyri as well as with the right middle temporal gyrus. More interestingly, HS also showed negative connectivity between the right DLPFC and some areas of the DMN, such as the ACC and the left hippocampus ([Fig 5A](#pone.0134961.g005){ref-type="fig"}, [Table 4](#pone.0134961.t004){ref-type="table"}). No region showed significant positive connectivity with the right DLPFC in HS. In BP, the analysis revealed significant negative connectivity between the right DLPFC and the left hippocampus solely. Moreover, BP showed positive connectivity between the right DLPFC and three areas of the DMN, i.e., the subgenual ACC (sgACC), the right angular gyrus and a cluster that encompassed the precuneus and the PCC bilaterally ([Fig 5B](#pone.0134961.g005){ref-type="fig"}, [Table 4](#pone.0134961.t004){ref-type="table"}).

![Psychophysiological interaction results.\
Panel A: Results provided by "within group" analysis in healthy subjects; Panel B: Results provided by "within group" analysis in bipolar patients; Panel C: Results provided by the "between-group" analysis in Bipolar patients vs. Healthy subjects. Red-scale areas represent regions showing positive connectivity with the right dorsolateral prefrontal cortex; Blue-scale areas represent regions showing negative connectivity with the right dorsolateral prefrontal cortex. Identified regions are projected onto 2D anatomical slices in axial, coronal and sagittal orientations (*p* \< 0.005 uncorrected at whole brain level, *p* ~FWE~ \< 0.05 after small volume correction).](pone.0134961.g005){#pone.0134961.g005}

10.1371/journal.pone.0134961.t004

###### Psychophysiological interaction results of within and between-group analyses.

![](pone.0134961.t004){#pone.0134961.t004g}

  Lobe                                                            Region                                                                     aal-label   H     x     y     z     t      k
  --------------------------------------------------------------- -------------------------------------------------------------------------- ----------- ----- ----- ----- ----- ------ -----
  **Healthy subjects: negative regression**                                                                                                                                             
  Frontal                                                         Superior frontal gyrus[\*](#t004fn001){ref-type="table-fn"}                F1          R     18    29    59    4.35   19
                                                                  Superior frontal gyrus[\*](#t004fn001){ref-type="table-fn"}                F1          L     -12   32    59    5.58   52
                                                                  Middle frontal gyrus[\*](#t004fn001){ref-type="table-fn"}                  F2          R     24    50    25    4.07   15
                                                                  Middle frontal gyrus[\*](#t004fn001){ref-type="table-fn"}                  F2          L     -21   50    29    4.24   21
  Limbic                                                          Anterior cingulate gyrus[\*](#t004fn001){ref-type="table-fn"}              AC          R/L   9     32    29    5.52   44
                                                                  Hippocampus[\*](#t004fn001){ref-type="table-fn"}                           HIP         L     -27   -34   3     5.26   23
  Temporal                                                        Middle temporal gyrus                                                      T2          R     57    -43   6     5.63   11
  **Bipolar patients: negative regression**                                                                                                                                             
  Limbic                                                          Hippocampus[\*](#t004fn001){ref-type="table-fn"}                           HIP         L     -30   -37   -5    3.93   14
  **Bipolar patients: positive regression**                                                                                                                                             
  Limbic                                                          Anterior cingulate/gyrus rectus[\*](#t004fn001){ref-type="table-fn"}       AC/GR       R/L   0     20    -13   4.04   23
  Parietal                                                        Precuneus[\*](#t004fn001){ref-type="table-fn"}                             PQ          L     -9    -52   10    3.99   49
                                                                  Angular gyrus                                                              AG          R     45    -37   33    3.74   33
  **Bipolar patients \> Healthy Subjects: positive regression**                                                                                                                         
  Frontal                                                         Superior frontal gyrus[\*](#t004fn001){ref-type="table-fn"}                F1          L     -21   65    21    3.95   17
  Limbic                                                          Anterior cingulate/gyrus rectus[\*](#t004fn001){ref-type="table-fn"}       AC/GR       R/L   3     23    -13   3.54   11
  Parietal                                                        Precuneus/Posterior cingulate gyrus[\*](#t004fn001){ref-type="table-fn"}   PQ/PC       L/L   -6    -55   10    4.27   109

\**P* ~FWE~ \< 0.05 after small volume correction

LR: Low conflict resolution; HR: High conflict resolution; H: Hemisphere; R: Right; L: Left; k: number of voxels/cluster

### Between-group functional connectivity analysis {#sec026}

The between-group comparison revealed greater positive connectivity in BP compared to HS between the right DLPFC and three major hubs of the DMN, i.e., the sgACC, the precuneus/PCC and the superior frontal gyrus ([Fig 5C](#pone.0134961.g005){ref-type="fig"}, [Table 4](#pone.0134961.t004){ref-type="table"}). There were no regions eliciting significantly greater connectivity in HS compared to BP.

Discussion {#sec027}
==========

The present study examined behavioral and cerebral correlates of emotional conflict processing in euthymic BP. We used a word-face emotional Stroop designed to disentangle between cerebral mechanisms involved in the monitoring and in the resolution of the emotional conflict. The use of this task allowed implicit assessment of automatic emotion regulation processing in euthymic BP. At behavioral level, (i) we replicated prior findings showing increased reaction time for low conflict resolution trials compared to high resolution trials; (ii) we showed increased emotional inference effect in BP in comparison to HS. At cerebral level, we demonstrated that (i) compared to HS, BP presented decreased activation of the right DLPFC during conflict monitoring; (ii) bilateral amygdala were significantly activated for LR trials and deactivated for HR trials in HS but not in BP; (iii) the right DLPFC was significantly negatively connected to areas of the DMN in HS but positively connected to major hubs of this network in BP during monitoring of emotional conflict. This difference appeared also in the between-group comparison, which revealed that the right DLPFC was significantly more connected to the sgACC and the PCC in BP compared to HS.

Commenting on behavioral results, we reproduced previous findings that demonstrated dissociation between low conflict resolution (i.e., LR) and high conflict resolution trials. Indeed, processing of incongruent stimuli preceded by congruent stimuli leads to higher interference and slower responses (increased RT), and processing of incongruent stimuli preceded by incongruent stimuli facilitates responses (faster RT) \[[@pone.0134961.ref016], [@pone.0134961.ref019], [@pone.0134961.ref020]\]. Moreover, we showed that, in addition to a general slowdown, BP were also significantly slower than HS in processing incongruent stimuli, suggesting increase emotional interference in BP. This is in agreement with neuropsychological studies which highlighted increased Stroop effect in BP in the original color-word Stroop task, even during euthymic state \[[@pone.0134961.ref038], [@pone.0134961.ref039]\]. This suggests that BP show persistent deficits in selective attention and inhibitory control. Using the emotional \[[@pone.0134961.ref017], [@pone.0134961.ref018]\] or the color-word Stroop task \[[@pone.0134961.ref040], [@pone.0134961.ref041]\], previous fMRI studies did not reveal increased behavioral interference effect in BP. This suggests that the control of the proportion of HR and LR trials may be crucial to precisely evaluate conflict processing in BP. Nonetheless, we did not obtain significant differences in terms of RT between BP and HS for processing LR vs. HR stimuli. This may be due to the small power of our study for behavioral comparisons.

However, at the cerebral level, in comparison to HS, BP presented lower DLPFC activation during conflict monitoring. The DLPFC activity is supposed to reflect task difficulty, selective attention and high-memory load recruitment for processing incongruent stimuli during interference task and for task switching \[[@pone.0134961.ref042], [@pone.0134961.ref043]\]. Consequently, diminished DLPFC activation in BP during conflict monitoring could underlie the difficulty for these patients to manage the interference arising from two sources of information (valence of word vs. valence of facial expression). This could have led to increased interference effect at the behavioral level. Otherwise, the role of the DLPFC in emotion regulation processes was also underlined, in particular for voluntary emotion regulation and cognitive reappraisal sub-processes \[[@pone.0134961.ref010], [@pone.0134961.ref044]\]. In addition, increased DLPFC activity was significantly associated with decreased amygdala activation in voluntary emotion regulation task \[[@pone.0134961.ref045]\].

In our task, the ROI analysis focused on the amygdala revealed significantly higher bilateral activity for LR versus HR trials (i.e., during the monitoring process) in HS. This result is in accordance with Etkin et al. \[[@pone.0134961.ref016]\] who also pointed out the increased right amygdala activity during conflict monitoring. Moreover, Etkin et al. \[[@pone.0134961.ref016]\], demonstrated that the activity of amygdala was attenuated during the resolution by a top-down control exerted by the rostral ACC. Interestingly, in our study it appears that, in BP, the amygdala activity did not differ between LR and HR trials. Indeed, BP showed a lack of amygdala activation for LR trials (i.e., during the monitoring) but also less deactivation for HR trials (i.e., during the resolution). We can assume a deficit of the top-down control exerted by the DLPFC during the monitoring leads to less inhibition/deactivation of the amygdala during the conflict resolution.

Therefore, we investigated the functional connectivity of the right DLPFC during the task by using the PPI analysis. Surprisingly, in HS, the DLPFC was negatively connected to main regions of the DMN, i.e., the bilateral superior and middle frontal gyri, the ACC and the left hippocampus \[[@pone.0134961.ref046], [@pone.0134961.ref047]\]. In the context of the resting-state paradigm, the activation of the MPFC/ACC is supposed to reflect internally- generated thoughts and self-referential processing \[[@pone.0134961.ref048]\]; as regard to hippocampus activation, it is intended to underlie episodic memory processes \[[@pone.0134961.ref049]\]. In the current study, the negative connectivity of the DLPFC with the ACC and the hippocampus obtained in HS would reflect the disengagement of the DMN during the conflict monitoring. Indeed to solve the conflict, participants need to remain attentive and stay focused on the stimuli to do not be distracted by incongruent words, which requires to strongly inhibit the mind-wandering processes. Unexpectedly, in BP, the right DLPFC was positively connected to other DMN regions, such as the PCC/Precuneus and the sub-genual ACC. In the between-group comparison, these connections were also significantly stronger in BP compared to HS. One possible explanation could be that BP experience difficulties to disengage the DMN at the time of conflict monitoring. This assumption is supported by results of our previous resting-state study suggesting abnormal decoupling (i.e., a lack of negative connectivity) between the ventral MPFC and the right DLPFC in euthymic BP \[[@pone.0134961.ref023]\]. We proposed that, even at rest, BP had difficulties to switch between internal-mode of information processing (reflected by the activation of the DMN) and external-mode of information processing (reflected by the activity of the DLPFC, which could be included in a larger "task-positive network"---TPN) \[[@pone.0134961.ref050], [@pone.0134961.ref051]\]. Taken together, the results provided by our previous resting-state study and the results obtained in the current study suggest abnormal coupling between DMN and TPN in BP, both at rest and during a task requiring strong cognitive effort, such as emotion conflict processing. We assume that poorer performances of the BP group during the task (i.e., increased emotional interference) would be due to a lack of disengagement of the attention on self, which would have led in turn to less effective conflict management. This explanation is supported by the positive connectivity between the DLPFC and the subgenual part of the ACC observed in BP. Indeed, this brain area is known to be involved in mental ruminations and depression symptoms in patients with unipolar depression (UD) \[[@pone.0134961.ref052]--[@pone.0134961.ref054]\]. Furthermore, abnormally increased connectivity between the DMN and the sgACC was reported in patients with UD and supposed to be related to ruminations during the resting-state \[[@pone.0134961.ref055]\]. Consequently, residual depressive symptoms in euthymic BP may result of this abnormally increased connectivity between the DLPFC and the sgACC during the emotional conflict processing. Future studies will assess whether these abnormalities of functional connectivity are related to mind-wandering particularities in euthymic BP.

At least three limitations of this study should be mentioned. First, statistical thresholds used for whole-brain analyses were not corrected for multiple comparisons at a whole-brain level. The lack of power to detect significant corrected results could be due to the small sample size of study. Consequently, generalization of our findings is limited. Second, the majority of patients included in the study were medicated and different combinations of treatment might have influenced the results but they were too heterogeneous to assess their effects. Third, the clinical subtypes of patients included in this study were various, both BD I and BD II, which could limit the specificity of our findings. Future studies focused on each clinical subtype of BD are needed to elucidate the precise pathophysiological mechanisms of BD.

However, this is the first study that aimed to disentangle different sub-processes of emotional conflict processing in BD. We provide behavioral and cerebral evidence for impairment of emotion conflict monitoring and resolution in euthymic BP. Our main findings highlight dysfunction of the right DLPFC in BP during conflict monitoring (generation), which could be responsible for poorer performances in patients in response to emotional interference. Moreover, BP showed lack of deactivation of bilateral amygdala during the conflict resolution, potentially related to insufficient top-down control of prefrontal region overwhelmed by the amount of the conflict. In addition, the right DLPFC was abnormally positively connected to the sgACC and the PCC/Precuneus during the conflict monitoring, thus reflecting the inability of BP to withdraw their attention from themselves and redirect it toward the task/environment. Further studies are required to better understand the dynamic of connectivity changes between the lateral prefrontal, medial prefrontal and limbic regions in BP during voluntary and automatic emotion regulation processing.

Clinical trial registration number: [NCT01821469](https://clinicaltrials.gov/NCT01821469)
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